Abstract-Multiple input multiple output (MIMO) schemes combined with orthogonal frequency division multiplexing (OFDM) modulations are widely employed in broadband wireless systems. However, the transmitted signals are prone to nonlinear distortion effects due to their high envelope fluctuations.
I. INTRODUCTION
Increasing demands on higher throughputs and stronger link reliabilities have become key goals for present and future wireless communications systems. By exploiting the spatial domain, multiple input multiple output (MIMO) techniques appear as a way of achieving diversity, higher data-rates, and/or increased capacity [1] , [2] . Although originally proposed for flat fading channels, they were later extended to frequency-selective channels [3] , [4] . Orthogonal frequency division multiplexing (OFDM) [5] techniques allow the decomposition of a wideband, frequency-selective channel into a set of narrowband flat-fading channels which greatly simplifies the equalization procedures at the receiver. For this reason, MIMO-OFDM techniques arise naturally, allowing the exploitation of the advantages of both MIMO and OFDM in an unified way, being adequate to achieve high datarates in hostile wireless propagation scenarios where there is frequency-selective fading [6] , [7] . For this reason, MIMO-OFDM schemes were selected for several broadband wireless systems such as WiFi 802.11n [8] , 802.11ac [9] and 4th generation cellular systems [10] .
However, OFDM signals are known to have substantial envelope fluctuations, which leads to amplification difficulties, a problem that can be aggravated in MIMO-OFDM schemes [11] . In the last years, several techniques to combat the large envelope fluctuations of OFDM signals have been proposed [12] , however, it is consensual that the most efficient ones involve clipping operations [13] [14] , and nonlinear distortion effects in the transmitted signals. In this paper, we consider the impact of nonlinear distortion effects on MIMO-OFDM signals. We present a simple analytical method for studying nonlinear effects on MIMO-OFDM systems. Our method allows accurate results for the power spectral density (PSD) of the transmitted signals, as well as the signal-to-interference ratio (SIR) at the detection level. It is shown that the robustness to nonlinear distortion effects increases with the number of transmit antennas (for a fixed number of independent data streams).
This paper has the following sections: Section II characterizes the signals along the considered MIMO-OFDM system. Section III presents a method for the characterization of nonlinear distortion effects in MIMO-OFDM signals as well a set of performance results regarding the spectral characterization of signals after the precoding and decoding processes. Section IV shows the conclusions of this paper.
The notation is as follows: bold letters denote matrices or vectors. Italic letters denote scalars. Capital letters are associated to the frequency-domain and small letters are associated to the time-domain. (⋅) denotes the transpose operator. The probability density function (PDF) of the random variable , ( ), is simply denoted by ( ).
[⋅] denotes expectation.
II. NONLINEAR MIMO-OFDM SYSTEM
In this section, we describe the MIMO-OFDM scheme adopted in this work. We consider transmit antennas and receive antennas. Moreover, we consider a MIMO wideband, frequency-selective channel with resolvable taps that is represented by
where and h( ) are the delay and the channel matrix associated to the th tap, respectively. For the th path, the × channel matrix is
where ℎ ( ) is the Rayleigh fading coefficient between the th receive antenna and the th transmit antenna for the th tap. By using OFDM, this wideband, frequency-selective channel can be decomposed into a set of narrowband, flatfading channels, where represents the number of subcarriers in each OFDM symbol and ( − 1) is the number of subcarriers left idle to simulate an oversampling factor by a factor of . We represent the OFDM block submitted to the transmit antennas by the × matrix S,
Each symbol is selected from a quadrature phase shift keying (QPSK) constellation and is of form
The set of subcarriers with index (i.e., the th column of S) are represented by the set S( ) = [
. For each one of the subcarriers, we define an × channel matrix in the frequency-domain as
In this work, we consider a singular value decomposition (SVD) [15] [16], i.e., we assume perfect knowledge of the channel state information (CSI), and decompose the channel matrix associated to the th subcarrier as
where U( ) and V ( ) are two unitary matrices used for decoding and precoding, respectively, and
) is a diagonal matrix whose the diagonal is composed by = min( , ) non-zero singular values of H( ) in decreasing order. In these conditions, ( ) is the gain associated to th stream of th subcarrier. We express the precoded version of S( ) as X( ), where
with V( ) denoting the precoding matrix with dimensions × . The time-domain version of X( ) is obtained through an inverse discrete Fourier transform (IDFT), i.e., x ( ) = [
As is widely known, when the number of subcarriers is large, these time-domain samples can be modelled by a complex random variable with Gaussian distribution, zero-mean, and variance 2 . This means that the real and the imaginary parts are distributed according to
The absolute values of the time-domain samples |x
can be modeled by a Rayleigh random variable with the following distribution figure, it can be noted that the variance of the precoded signal depends on the ratio between the maximum number of independent streams that can be generated by the channel's SVD and the number of transmit antennas. In fact, the following relation
is the variance of the real and imaginary parts before the precoding process. In our transmission chain there is an envelope clipping operation in each one of the transmit branches. This operation is characterized by the function
where is the clipping level. At the th branch, the nonlinearity yields y ( ) = [
Due to the Gaussian nature of timedomain samples x ( ) , the Bussgang's theorem [17] applies. This theorem allows the separation of a nonlinearly distorted Gaussian signal in two uncorrelated components [18] : a scaled replica of the input signal and a term that concentrates the nonlinear distortion. Therefore, for the th transmit branch, we may write
S(k) Precoding
where the scale factor ( ) is obtained as
By taking the discrete Fourier transform of (11), we obtain the frequency-domain version of the signal to be transmitted, i.e.,
, that can be divided as
where
represents the nonlinear distortion terms along the th branch. Additionally, as both the power of precoded signals and the nonlinearities are equal in all transmit branches, the scale factor ( ) does not depend on , i.e., ( ) = ∀ . Therefore, we can express the nonlinearly distorted signal for the th subcarrier as
In the following of the paper, we will focus on the symbols associated to the th subcarrier. This nonlinearly distorted signal is then transmitted through a time-dispersive MIMO channel. At the output of the th MIMO flat fading channel characterized by H( ) (see 4), the received signal is
where N( ) = [ 
To complete the SVD process, the received signal W( ) is decoded by the matrix U ( ), leading to R( ) = [
(2) ⋅ ⋅ ⋅ ( ) ] , where
From the above equation, one can note that the SVD decomposition allows the transmission of decoupled, equivalent OFDM streams that can be studied separately. Fig. 1 shows this equivalent scenario considering the th subcarrier.
III. CHARACTERIZATION OF NONLINEAR DISTORTION EFFECTS
In this work, we are interested in the evaluation of nonlinear distortion effects in MIMO-OFDM signals. To accomplish this goal, we make use of a set of results regarding the characterization of nonlinearly distorted OFDM signals, which are based on Gaussian approximations [19] [20] . In [19] [20] , it was demonstrated that the autocorrelation associated to a nonlinearly distorted OFDM signal is a function of the input autocorrelation , and the power associated to the intermodulation product (IMP) of order 2 + 1 , i.e.,
where 2 +1 is given by
with (1) (⋅) denoting the Laguerre polynomial of degree .
As described in [20] , the PSD can be obtained through the DFT of , .
A. Nonlinearly Distorted Precoded Signal
After the precoding process, OFDM signals are submitted to an envelope clipping operation characterized by the normalized clipping level / . Fig. 3 shows the PSD associated to a nonlinearly distorted precoded OFDM signal in a given transmit branch , Y was obtained considering different values of . From the figure, it can be noted the higher the value of , the higher the accuracy between the simulated and the theoretical PSDs, which is an expected result since more IMPs are considered for the computation of the autocorrelation function, which means that the clipping function is approximated with more polynomial terms. Nevertheless, accurate estimates of the nonlinearly distorted, precoded OFDM signal can be obtained with a relatively low value of IMPs. Fig. 4 shows the PSD associated to the distortion components, D (1) and D (2) , of a MIMO system with = 1 and = 2, considering OFDM signals with = 256, = 4 and different normalized clipping levels / . The figure clearly shows that, regardless of the clipping level that is considered, accurate estimates of the PSD associated to the distortion term can be obtained for the transmit branches of the MIMO-OFDM system.
B. Self-to-Interference Ratio
As the detection in OFDM is made in frequency-domain, we are specially interested on the spectral characterization of nonlinearly distorted OFDM signals after the SVD decomposition. For this reason, and to study the impact of the nonlinear distortion at the detection level, we provide results of the SIR after the decoding process. The SIR is obtained as the ratio between the useful and the distortion part of the decoded signal (see (17) ) and, for a given subcarrier and stream , is given by regardless of the number of transmit antennas, very accurate estimates of the SIR can be obtained theoretically. In addition, it should be pointed out that the higher the number of transmit antennas, the better the SIR . In fact, there is a gain relatively to the case when = 1 and = 1 (i.e., relatively to a single input single output (SISO) system) in the SIR , that is given by 10 log 10 ( ) dB, which means that the SIR increases 3 dB when is doubled. This effect is also illustrated in Fig. 6 , where it is shown the theoretical average value of SIR , [SIR ] for different normalized clipping levels and different number of transmit antennas. As expected, the average value of SIR increases when the normalized clipping level increases, since the magnitude of the nonlinear distortion is smaller. Additionally, one can confirm that even for higher clipping levels, the SIR increases when higher values of although |Λ( )| 2 varies with frequency, and although there are singular values with low amplitudes (especially the ones associated to the second stream = 2), the values of SIR and the distortion at the detection level are almost independent of the frequency. In addition, SIR is equal for both streams ( = 1 and = 2), which means that even when there are weaker singular values in a given stream, the corresponding SIR does not decrease.
IV. CONCLUSIONS
In this paper we considered the impact of nonlinear distortion effects on MIMO-OFDM signals. We presented a simple analytical method for studying nonlinear effects in MIMO-OFDM systems, allowing an accurate characterization of the PSD of the transmitted signals, as well as the SIR levels at the detection level. It was shown that the robustness to nonlinear distortion effects increases with the number of transmit antennas (for a fixed number of independent data streams).
